1. Introduction
===============

Electron microscopy (EM) can be used to visualize virus particles directly at high magnifications. The first investigations of the morphology and later the ultrastructure of viruses infecting humans and animals became possible, due to the invention of the EM technique in the early 1930s ([@bib1]), and the first micrographs showing the size and morphology of poxviruses were published in 1938 ([@bib27]). With the development of the negative contrast staining method by [@bib6], viral particles could be investigated at the ultrastructural level.

During the following decades EM was used together with other techniques such as immunoassays, and later also with nucleic acid amplification techniques, to characterize a variety of viruses (reviewed in [@bib3]). This progress made it possible to establish viral classification based upon the morphology of virus particles ([@bib24]). EM was used in many laboratories for routine diagnosis of human viruses causing viral gastroenteritis such as the unculturable noroviruses, and astrovirus and rotavirus ([@bib2], [@bib7]).

Today, EM is used routinely as a diagnostic method in cases of skin associated viral infections ([@bib12], [@bib20]) and to some extent for the diagnosis of viral gastroenteritis ([@bib8], [@bib22]). EM is indispensable in situations where the etiological agent causing outbreaks, epidemics or pandemics is difficult to identify. Recently, there have been two examples, namely the SARS pandemic in 2003 ([@bib16]) and the outbreak of human monkeypox in the USA in 2003, an infection not seen previously outside the African continent ([@bib19]). In both of these situations, EM contributed to the identification of the viral agent. After 11th September 2001, EM has also been adopted in many countries as a rapid screening method to be used for the examination of both environmental and human samples in the case of bioterrorism ([@bib10], [@bib17]).

In the present study a strategy was developed whereby it is possible to screen by transmission EM for viruses in various types of patient samples, and then confirm and characterize the findings further at the species level by using nucleic acid amplification techniques.

2. Materials and methods
========================

2.1. Experimental design
------------------------

Four different viruses were investigated for detection by EM and subsequent nucleic acid amplification by the method outlined in [Fig. 1](#fig1){ref-type="fig"} . The physical and chemical properties of these viruses are shown in [Table 1](#tbl1){ref-type="table"} . The initial experiments were carried out using viruses propagated in cell cultures. Thereafter, samples containing the viruses were also included in order to test the application of the method to different types of diagnostic samples.Fig. 1Flow-diagram showing a method for elution of viral nucleic acids from copper grids after EM analysis.Table 1Physical and chemical properties of viruses tested by EM and PCR techniquesVirusAdenovirusCMVInfluenza ANorovirusFamilyAdenoviridaeHerpesviridaeOrthomyxoviridaeCaliciviridaeGenomeLinear, double-stranded DNALinear, double-stranded DNASegmented, single-stranded RNALinear, single-stranded RNAEnvelopeNoneYesYesNoneParticle size (nM)70--80150--20080--9027--40Stability outside hostHighLowMediumHigh

2.2. Propagation of viruses in cell cultures
--------------------------------------------

The viruses propagated in cell culture for use in the experiments were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Adenoviruses (ATCC VR-5) were propagated in VERO cells using Eagles MEM culture medium with 2% fetal calf serum, influenza A viruses (ATTC VR-97) were propagated in McDarbin canine kidney cells using Eagles MEM serumfree culture medium. When the cells had grown to confluence in 75 cm^2^ culture flasks (Nunc), viruses were added and allowed to grow until a complete cytophatic effect was attained. The culture flasks with the cell cultures containing the medium were thawed and frozen twice before harvesting the viruses. CMV (VR-977) were propagated in confluent human fibroblasts using Eagles MEM with 1% fetal calf serum. The supernatant was harvested and used directly as a viral preparation when a complete cytopathic effect was seen.

2.3. Patient samples
--------------------

The patient samples had been submitted to the Department of Virology at the Statens Serum Institut and consisted of one eyeswab positive for adenovirus, one tracheal secretion positive for influenza A virus, one urine sample positive for CMV and one stool sample positive for norovirus. The real time PCR values were obtained from the routine diagnostic test. All patient samples had low cycle threshold (Ct) values, indicating that the samples had high viral titres. The Ct value is the value that is obtained, when the fluorescent signal from the PCR product exceeds that of the background.

2.4. Fixation and preparation of viral samples for EM
-----------------------------------------------------

Before EM, all samples were inactivated with paraformaldehyde (PFA). Frozen 4% PFA in phosphate-buffered saline (pH 7.4) was heated to 65 °C in closed vials. When the PFA was dissolved completely, it was cooled on ice for 2 min and added to the samples at a final concentration of 2% in a total sample volume of 180 μl. The samples were transferred to airfuge vials and centrifuged at 90.000 rpm onto formvar coated carbon reinforced 400 mesh copper grids (Veco-grid\'s, AxLab) for 30 min in an airfuge using a A-100/30 rotor (Beckman Coulter). The grids were stained negatively with a 1.5% (pH 6.8) potassium phosphotungstic acid (PTA) solution for 30 s and allowed to dry in a fume-hood. The EM examination was conducted with a transmission electron microscope (Morgagni 268D, FEI Company) for an average of 30 min/specimen. Between 8 and 10 "windows" of the 400 mesh grid were scanned and photographs were taken using a Megaview III digital camera (Soft Imaging System).

2.5. Elution of viral nucleic acids from the EM grids
-----------------------------------------------------

Viral DNA or RNA was eluted from the viral particles adhering to the copper grids ([Fig. 1](#fig1){ref-type="fig"}), by placing the grid into a vial and adding 300 μl of lysis buffer (Roche). After 10 min, 200 μl of sterile water was added, and the grid was vortex'ed for 1 min. The grid was then removed from the vial and the nucleic acids were purified for amplification by extraction on a MagNapure instrument using a total nucleic acids extraction kit (Roche Diagnostics). The nucleic acids were stored in elution buffer at −20 °C until use.

2.6. Real-time PCR and RT-PCR
-----------------------------

Adenovirus nucleic acid was detected with fluorescent probes using a Lightcycler (Roche) instrument as described by [@bib14] with minor modifications. Influenza A virus and CMV nucleic acids were detected with fluorescent probes using a MX3000 detection device (Stratagene) with real-time RT-PCR (influenza A) or PCR (CMV) assays for each virus with minor modifications as compared to published real-time assays ([@bib21], [@bib5]). Norovirus RNA was RT-PCR amplified and detected on an ethidium bromide stained 2% agarose gel as described by [@bib25].

3. Results
==========

3.1. Testing for viral genomes derived from viruses adhered to grids for subsequent nucleic acid amplification
--------------------------------------------------------------------------------------------------------------

Initially, it was determined whether it was possible to elute virus constituents from negatively stained grids and then detect the viral nucleic acids by nucleic acid amplification. The results are shown in [Fig. 2](#fig2){ref-type="fig"} . One sample each of cell propagated adenovirus and influenza A virus, respectively, was extracted directly using MagnaPure extraction and then subjected to nucleic acid amplification (unprocessed sample). In addition, two samples (1*x*  + EM) were subjected to EM examination prior to MagnaPure extraction and nucleic acid amplification as shown in [Fig. 1](#fig1){ref-type="fig"}. A quantitative real-time assay was used for adenovirus ([Fig. 2](#fig2){ref-type="fig"}A), using the standard curve to calculate the average loss of viral copies per ml for the processed (1*x*  + EM) sample relative to the unprocessed sample, according to the formula (Ct~intercept~  − Ct~sample~/slope) × inv. log. The difference was estimated to be a 38-fold loss of sensitivity i.e. from 2.3 × 10^8^  copies/ml (Ct = 17.49) to 6 × 10^6^  copies/ml (Ct = 23.20). This corresponded to 5.71 PCR cycles. From the Ct value of the highest dilution (100*x*  + EM, Ct = 32.34) it could then be calculated, that 6.84 × 10^5^  copies/ml of adenovirus could be detected by EM and this corresponded to 6.84 × 10^5^/38 = 1.8 × 10^4^  copies/ml as detected by PCR. Although influenza A virus ([Fig. 2](#fig2){ref-type="fig"}B) was detected using a non-quantitative assay, the loss in PCR cycles (Ct~sample~  − Ct~unprocessed\ sample~  = 17.79 − 12.15) could be measured to be 5.64 which was in good agreement with the result estimated with the adenovirus assay.Fig. 2Detection of adenovirus and influenza A virus from cell culture by EM (left) and nucleic acid amplification (right). Magnifications (left): (A) Adenovirus, 89.000×; (B) Influenza A virus, 89.000×. The cell cultures were serially diluted 10-fold and treated as in [Fig. 1](#fig1){ref-type="fig"}, except that (+EM) samples were exposed to the EM beam, while (−EM) samples were unexposed. The unprocessed samples were untreated and extracted directly using MagnaPure extraction. The standard curve for the adenovirus quantitative real-time PCR is also shown on the figure.

3.2. Testing of differences in viral nucleic acid concentration between grids with viral preparations with and without EM
-------------------------------------------------------------------------------------------------------------------------

Next, the difference in the amount of viral copies between grids that had been processed by the method outlined in [Fig. 1](#fig1){ref-type="fig"} and grids that had also been processed by the method except for exposure to the EM beam was investigated \[(+EM) and (−EM)\]. As depicted in [Fig. 2](#fig2){ref-type="fig"}, over a 100-fold dilution range, viruses were detected as particles by EM and also as viral genomes by nucleic acids amplification in all samples tested and no differences were detected between any of the samples for each dilution.

3.3. Amplification of viral nucleic acids from patient samples after elution from grids
---------------------------------------------------------------------------------------

Finally, the same procedure was examined with stored patient samples that had been diagnosed previously as adenovirus, influenza A, CMV or norovirus positive in the PCR diagnostic laboratory. For this purpose patient samples of different origin with a known high viral load were chosen, allowing detection by EM. The patient samples that were used are listed in [Table 2](#tbl2){ref-type="table"} .Table 2Virus containing sample material tested by EM and PCR techniquesVirusSample materialAdenovirusEyeswabCMVUrineInfluenza ATracheal-secretionNorovirusFaeces

3.4. Adenovirus
---------------

The results are shown in [Fig. 3](#fig3){ref-type="fig"}A. Adenovirus particles were detected in the sample by EM and subsequently, after elution, also the viral genomes by nucleic acid amplification. As a positive control, a standard of 10^5^  copies/ml was included in the RT-PCR assay. The negative control is not shown in the figure, as this curve is not available with the lightcycler assay due to the lack of a reference dye.Fig. 3EM pictures of adenovirus (A) and influenza A virus (B) in patient samples used in this study and the EM sample material (right) subjected to real-time PCR (adenovirus) or real-time RT-PCR (influenza A virus). EM magnifications: (A) adenovirus, 89.000×; (B) influenza A virus, 89.000×.

3.5. Influenza A virus
----------------------

The results are shown in [Fig. 3](#fig3){ref-type="fig"}B. A positive control used in the routine diagnostic assay was included in the real-time RT-PCR together with a non-template negative control.

3.6. Cytomegalovirus
--------------------

In [Fig. 4](#fig4){ref-type="fig"}A, an EM picture of CMV particles derived from a cell culture sample is included for comparison to the EM picture of the patient sample, since only solitary CMV particles were found in the patient sample. The real-time PCR was quantitative, and the positive control was a sample containing 3.5 × 10^5^  copies/ml which was included together with a non-template negative control.Fig. 4Left: the upper picture of CMV (A) and the norovirus picture (B) originate from the patient samples that were used in the study. The lower CMV picture is from a cell culture. Right: the EM sample material subjected to real-time PCR (CMV) or RT-PCR and subsequent gel electrophoresis (norovirus): Lane 1, negative control; lane 2, positive control; lane 3, patient sample; lane 4, ΦX174/*Hae* III marker. The norovirus-specific bands are 327 base pairs (indicated by an arrow). EM magnifications: CMV, 44.000×; norovirus, 89.000×.

3.7. Norovirus
--------------

The results are shown in [Fig. 4](#fig4){ref-type="fig"}B. Small rounded 35 nm particles were visualised in the EM sample. In the RT-PCR assay which was non-quantitative, a positive patient sample and a non-template sample were included as controls.

4. Discussion
=============

In the present investigation, viruses differing in respect of both physical and chemical properties were diagnosed by EM and, after elution from the EM grids diagnosed at the species level by nucleic acid amplification.

There was a 38-fold decrease in viral copies, when untreated cell culture derived viral samples were measured by real-time PCR as compared to samples that had been subjected to EM examination. There were no major differences in the number of viral copies that could be detected on grids which had been exposed to the EM beam and the grids that had not been exposed to the EM beam over a 100-fold dilution range, indicating that this step does not contribute to the 38-fold decrease in viral copies. The decrease in viral copies could be due to a percentage of the viruses remaining in the supernatant after centrifugation onto the grids or that part of the viruses were not visible by EM after centrifugation onto the grid, due to the viruses adhering to the copper mesh or due to some degradation of nucleic acids during the sample preparation. As estimated for adenovirus it could, however, be compensated for by the higher sensitivity of the PCR technique and therefore has no negative impact on the results.

In a recent study by [@bib4] the detection of polyomavirus in urine samples from bone marrow transplant patients was done in parallel with EM and PCR. Within a range of probabilities of detection by EM it was found that there was a 50% probability of identifying viruses in samples containing 10^6^  genome equivalents/ml, and the lower limit for EM detection was estimated to be \>10^3^  genome equivalents/ml. Our results showed, that adenovirus particles could be detected in cell culture corresponding to 6.84 × 10^5^  genome equivalents/ml. The lower limit of detection by EM when using the approach described in the present study awaits further investigation.

The morphology of viruses belonging to the same family is unique for each particular family. For instance, coronaviruses with their club-like peplomers, or influenza viruses with their cogwheel-like appearance are recognised easily.

The EM technique has been used occasionally in parallel with other virological methods to identify the causative viral agent in patients during outbreaks of zoonotic origin and during seasonal and out-of-season epidemics and pandemics. For instance, in one case report, reovirus-like particles were found by EM in rhesus monkey kidney cells inoculated with cerebrospinal fluid from a young patient, and further investigations confirmed the diagnosis reovirus serotype 2 ([@bib15]). The same approach was used to diagnose Chandipura virus causing an outbreak of acute encephalitis with a high fatality rate in children from India ([@bib18]). The etiological agent involved in a zoonotic outbreak in a rural area of Brasil causing cowpox-like symptoms in a dairy herd, and an associated human infection, was resolved partly with the aid of EM and was found to be a vaccinia-like virus, which was named Aracatuba virus ([@bib23]). The peak of rotavirus infections in children during the winter in Japan was found to have changed to early spring by confirming the rotavirus diagnosis in parallel with EM and the latex agglutination method ([@bib22]). In recent years, noroviruses have become a major problem in hospitals worldwide, causing outbreaks of viral gastroenteritis (reviewed by [@bib7]). The high diversity of this group of viruses leads sometimes to the failure of detection by conventional routine diagnostic RT-PCR assays. The use of EM as an additional method can in this instance be essential ([@bib9], [@bib26]). Finally, the recent pandemic caused by SARS was also resolved partly by EM ([@bib16]).

A morphological diagnosis can be made by EM, including enrichment (see [@bib11]), within 1 h after receiving a specimen and will provide a diagnosis. In addition, the "open view" of EM allows for the simultaneous detection of more than one agent in multiply infections, which is also sometimes the case in patients with gastroenteritis ([@bib13]).

In summary, a method was developed whereby it is possible to diagnose viruses in cell culture and in patient samples by EM pre-diagnosis and subsequently, by using the same sample material eluted from a grid, establish the viral diagnosis at the strain level using nucleic acid amplification. The method is versatile and can be used for different types of sample material and all kinds of agents.
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